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Cowans Ford 
project 


Ice Harbor 
runner 


Rocky Reach shaft 
and runner 





Rocky Reach 
stay ring 


high-head Kaplans for peaking 


—previous record-breakers also by Allis-Chalmers 


Cowans Ford is the outstanding 
illustration of Kaplan turbines used 
to provide peaking capacity. Duke 
Power Company, with Chas. T. 
Main Inc. as consulting engineers, 
has selected A-C Kaplan turbines 
for operation at 115-ft. head. Each 
of the three units is guaranteed to 
provide a maximum of 153,000 hp. 
Actual operation will involve only 
a short time each day, meeting peak- 
ing requirements of the system which 
is predominantly steam. The result- 
ing average load factor, less than 5%. 


KAPLAN RECORD-BREAKERS 
Cowans Ford — the third in a series 
of outstanding A-C Kaplan turbine 
installations. These units exceed 
those at both Ice Harbor and Rocky 
Reach in rated capacity and head. 
All are similar in construction (those 
at Cowans Ford are slightly smaller 
in physica! size). Allis-Chalmers 
diversified experience to date in- 
cludes over 240 Kaplan turbines — 
a record 6 million hp. 


Rocky Reach—public utility district 
supplied with seven Kaplan turbines, 


each 140,000 hp (under 92-ft. head) . 


Ice Harbor — Corps of Engineers 
installation recently provided with 
three new A-C Kaplans for opera- 
tion at 89-ft. head. These held the 
record with 143,000 hp per turbine 
until Cowans Ford. 


In every facet of hydro generation, 
people count on record performance 
and experience from Allis-Chalmers. 
For assistance anytime, contact your 
local A-C representative or write to 
Allis-Chalmers, Hydraulic Divi- 
sion, York, Pa. A-1383 
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YOUR copies of 
the ELECTRICAL REVIEW 
will be an easy reference 
when kept in this attractive, 
permanent self-binder. 
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THE COVER 


NEW SAFETY offered in 2.5 and 5-kv fused 

motor controls using control center type de- 

sign. The control carriage, which includes C 0 N T E N T 5 

the main contactor with power and control 

fuses, can be completely withdrawn from 

the cubicle. Shutters over the stationary Turbine-Generators Face New TIF Requirements... 4 

portion of the disconnects protect personnel 

from dangerous high voltage leads. L. T. Rosenberg 
The articles, “‘5-kv Motor Control Center 

Introduced” on page 10, and “50,000-Kva 


Interrupting Capacity in Half the Space” Higher Hydrogen Pressures for Synchronous 
on page 12 tell of interesting new control CI 6 65 os See ss du hiwenadeaewce eae 8 
concept. 
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Recent adoption of Telephone Influence 
Factor (TIF) weightings, reflecting 
the broadening sensitivity range 
of the modern telephone, has focused 
attention on the voltage wave form 
of turbine-generators. 


THE VOLTAGE WAVE of today’s large turbine-gener- 
ators approaches the proverbial designer's dream of a per- 
fect sine wave, perhaps more closely than that of any 
other type of rotating machine. Some of the features that 
contribute toward this favorable comparison are inherent 
because of physical considerations. Others are purposely 
introduced, even at considerable expense, to provide as 
nearly perfect a wave form as possible. 

The new TIF weightings were adopted by the Joint 
Sub-committee on Development and Research of the 
Edison Electric Institute and Bell Telephone System to 
take into account improved frequency response of modern 
telephone equipment. 

The presence of harmonic voltages or currents on power 
systems was recognized as a source of objectionable noise 
in exposed telephone circuits well over 40 years ago. Since 
then, in parallel with advances in generator design tech- 
niques, great strides have been made in telephone equip- 
ment as well as in the art of transmission of voice mes- 
sages. Developments in power system transmission and 
distribution have also aided in this progress. 

Experimental research beginning in 1914, led to the 
adoption of the first standards intended to control tele- 
phone noise from power lines. The studies disclosed wide 
differences in the potential disturbing properties of dif- 
ferent frequency harmonics. The characteristics of the 
human ear as well as those of the telephone equipment 
then in use, were taken into account in these early experi- 
ments. The results of these tests were expressed as a curve 
called the “message weighting curve” giving the relative 
disturbance effect of the various harmonics in the tele- 
phone circuit as a function of their frequencies. 


TIF curve developed 

It was recognized that the inductive coupling between 
power and communication circuits is also dependent upon 
frequency. Assuming that the coupling is directly pro- 
portional to the frequency, a second curve, known as the 
“telephone interference factor weighting curve,” was de- 
rived and published in 1919! expressing the potential 
disturbing influence of a given voltage or current on the 
power system as a function of its frequency. As shown 
in Figure 1, curve A, there is a peak at 1100 cps, due to 
the nature of the telephone equipment at that time. 





1. See bibliography. 
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With the TIF weighting curve as a starting point, it 
was then possible to calculate the “telephone interference 
factor” of a complete voltage wave, defined as the ratio 
of the square root of the sum of the squares of the prod- 
ucts of the individual harmonic voltages by their respec- 
tive weighting factors, divided by the rms value of the 
voltage wave. The same definition may be applied to a 
current wave. 

This definition and the 1919 curve were generally 
adopted by both utilities and machinery manufacturers 
as a convenient yard stick in the appraisal of any voltage 
or current wave with respect to its potential influence 
upon a telephone circuit. Acceptable telephone interfer- 
ence factors were then established for various types and 
sizes of electrical machines based on performance records 
in conjunction with TIF tests compiled on a great many 
machines. These acceptable values of TIF were later in- 
corporated in Rotating Machine Standards, ASA C50. 

In 1935, based upon further progress in telephone 
equipment, a new curve, B, was proposed* extending the 
frequency range to 5,000 cps. A new term, “telephone 
influence factor,” was also proposed with this new curve 
as a distinguishing means from the earlier term. The 
abbreviation would still remain TIF, and the word 
“influence” was considered more appropriate than “inter- 
ference.” Although the 1935 curve was adopted soon 
afterward by telephone engineers and some utilities, it 
was not until 1955 that it was officially included in the 
ASA Standards for Rotating Machines, ASA C50.1. 


New curve adopted 

In the meantime, further experiments and more progress 
in telephone equipment toward improved uniformity of 
response to all frequencies gave rise to further refinements 
in the message weighting curve, placing increased em- 
phasis on the higher frequencies and reducing the weight- 
ings of the lower. These investigations led to curve C, 
which was based on a message weighting curve developed 
in 1941 for the so-called “302 series” telephone hand set. 
The sharp peak near 1100 cps was substantially overcome. 

Still more recently, the new “500 type” telephone set 
was introduced and is rapidly replacing earlier equipment. 
A working group on TIF Revision was appointed by the 
Joint Subcommittee on Development and Research of the 
Edison Electric Institute and the Bell Telephone System 
to bring the TIF standards up to date. Tests on the “500 
series” set, carried out by the Bell Telephone Laboratories 
led to a new message weighting curve, and the correspond- 
ing TIF weighting curve, D. This curve, which was re- 
cently approved for adoption by the Joint Subcommittee, 
is now known as the 1960 TIF weighting curve. These 
developments are fully described in a recent AIEE paper 
by Messrs. W. C. Ball and C. K. Poarch.* 

The 1960 weighting curve assigns higher TIF values 
to frequencies above 1300 cps than the 1935 curve now 
recognized in the ASA standards. Because of its inherent 
design requirements, the high speed turbine generator is 
more likely to possess slot frequency harmonics above 
this frequency than other types of alternators. The range 
of slot frequencies in turbine-generators are indicated in 
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Figure 1. Unless additional precautions are taken to offset 
the increased weightings of these high harmonics, the 
telephone influence factors of turbine-generators may in 
some cases increase when computed on the basis of the 
1960 curve. Table I shows the comparison of TIF values 
by both the 1935 and 1960 weightings on four typical 
turbine-generators. Even though an appreciable increase 
does occur on the 9375-kva machine, there still remains 
a generous margin below the acceptable ASA-TIF values 
given in the last two columns. 


Harmonics stem from geometry 

The turbine-generator has three important advantages 
over the salient pole machine insofar as its voltage wave 
form is concerned. It has a large air gap, a cylindrical 
rotor, and a distributed rotor winding. Although these 
factors account for the relatively low TIF values of tur- 
bine-generators, they cannot be said to produce a perfect 
sine wave, of voltage. Economic and engineering con- 
siderations prevent sinusoidal distribution of the rotor 
slots. As a result, the no-load flux density wave in the air 
gap is approximately trapezoidal with steps in the trape- 
zoid resulting from the finite number of slots. Such a 
wave is composed of a fundamental plus odd harmonics. 


The higher frequency harmonics, which have a direct 
bearing on the 1960 TIF’s in turbine-generators are due 
mainly to the armature slots. As the rotor pole center 
moves from a stator slot to a stator tooth, any variation 
in air gap permeance will cause a pulsation in the flux at 
a frequency equal to the number of slots traversed per 
second by a fixed point on the rotor. To satisfy symmetry 
requirements, two odd multiples of the fundamental fre- 
quency appear in the voltage wave. The order of these 
harmonics is equal to the number of slots per pair of 
poles plus or minus one. 

Saturation may also create harmonics in the wave form 
of a turbine-generator. The highest densities in the mag- 
netic circuit usually occur at the tips of the stator teeth 
and the roots of the rotor poles and adjoining teeth. As 
these restricted areas saturate, the center portion of the 
flux density wave is further depressed. The presence of 
damper windings, balance screw holes and ventilating 
slots are also potential sources of harmonics in the open 
circuit voltage wave. 
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The limiting values of the telephone influence factor 
of rotating machines given in the ASA standards apply to 
the open circuit voltage wave. The addition of load cur- 
rent will materially affect the air gap flux distribution as 
the stator mmf wave is superimposed upon the rotor mmf 
wave. The effect of load on the harmonics in salient pole 
machines is treated in a recent paper by Messrs. David 
Ginsberg and Alois Jokl.* In practice, however, certain 
types of load may introduce appreciable harmonics of 
their own or even suppress some of those of the generator. 
Consequently, TIF measured under loaded conditions is 
hardly a reliable criterion of the generator wave form. 


Design features that reduce TIF 

The voltage wave generated in a single, full pitch coil in 
the armature will correspond very closely to the flux 
density wave in the air gap. Two adjacent coils 6 elec- 
trical degrees apart, when connected in series will generate 
the vector sum of the voltages in each coil. The funda- 
mental voltages will be displaced by 8 electrical degrees 
and their vector sum will be nearly equal to their algebraic 
sum. The kth harmonic voltages will be displaced ké 
electrical degrees, and their vector sum will generally be 
much smaller than their algebraic sum. 


) 


In a typical 3 phase winding as shown in Figure 2, 
there are several slots in a phase group, spanning a total 
of 60 electrical degrees. For this arrangement, the belt 
differential factor, by which the sum of the fundamental 
voltages is multiplied, is 0.955. The sum of the 3rd har 
monic voltages on the other hand, is multiplied by a factor 
of 0.637 and that of the 7th by 0.136. Expressions for 
the reduction factors from this source, as well as for those 
from other sources are tabulated in Table II. The bele 
differential factors do not apply to harmonics caused by 
flux of fundamental space distribution, pulsating or rotat- 
ing at k times the fundamental frequency. 


As stated above, the slot frequency harmonics of a 
turbine-generator are the most likely to raise the TIF as 
determined on the basis of the 1960 weighting curve 
The most direct solution is to eliminate the pulsations in 
permeance by careful attention to the design of slotting 
of both rotor and stator. Here again, such considerations 
as efficiency, temperature rise, tooling, drawings and man- 
ufacturing tolerances, often dictate optimum proportions 
that deviate from the ideal slotting arrangement. In such 
cases, an equally effective method of reducing slot har- 
monics consists of providing a helical skew in the stator 
slots. This is accomplished by skewing the dovetails as 
they are bolted to the inner periphery of the stator yoke 
before the core is stacked. Calculation by the formula in 
Table II indicates that the slot harmonics are virtually 
eliminated by skewing the stator core one slot pitch from 
one end of the stator to the other. The helical skew also 
serves to reduce space harmonics present in the flux dis- 
tribution wave. Even though the full slot pitch of skew 
complicates the drawings, tools, and assembly processes 
nevertheless the wave shape benefits derived from it often 
justify the added manufacturing cost. Stator cores of 
many large turbine-generators are skewed. 
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The use of short pitch stator coils is another effective 
means for controlling harmonics. In generators trans- 
mitting their power at their own terminal voltage with 
their neutrals grounded, the triple frequency harmonics 
were sometimes found to induce telephone noise. The 24 
pitch stator coil, which eliminates all triple harmonics, has 
been widely used to guard against difficulties from this 
source. With most modern large generators employing 
the unit system, no power is transmitted at generator volt- 
age. Moreover, the neutral is usually grounded through a 
distribution transformer with resistor loaded secondary 
which behaves as a very high resistance ground connec- 
tion. The triple frequency harmonics are less likely to be 
troublesome than some of the non-triples. The 24 pitch 
stator coil has no effect upon the percentage of the 
balanced harmonics, since they are reduced by the same 
pitch reduction factor as the fundamental. Optimum pitch 
from the standpoint of generator efficiency and capacity 
is usually in the neighborhood of 83 percent of a pole 
pitch. The triples are reduced by a factor of about 0.70 
and certain undesirable non-triples such as Sth and 7th 
are effectively minimized. 

To permit optimum pitch, the triple harmonics in 
the flux density wave can be suppressed by making the 
pole center between rotor coils equal to 14 of the pole 
pitch. This arrangement also permits economical use of 
rotor space if the magnetic and conductor materials are 
properly proportioned. In practice, owing to the larger 
effective gap in the region of the rotor slots than in the 
pole region, the pole is made slightly wider than 1 of 
the pole pitch, to reduce the triple harmonics effectively. 


Another improvement in the flux density wave form, 
arises from the use of one or two pairs of shallow slots 
adjacent to the pole center. These shallow slots have 
fewer turns than their deeper neighbors, so that a more 
nearly sinusoidal mmf wave is produced. This feature is 
made possible by the geometry of the sharply tapered pole 
center which justifies the exchange of copper for iron in 
the region of highest flux density. 


Developments foster better communication 
Progress in the art of telephone communication, broaden- 
ing the sensitivity range of the equipment, has laid down 
a challenge to the manufacturers of turbine-generators. 
By fully utilizing advances in generator design techniques, 
the increased weightings in the region of turbine-gener- 
ator slot frequencies are being met with a wide margin of 
safety, as indicated in Table I. 

Progress in power line transposition and greatly in- 
creased use of generators tied directly to their own trans- 
formers have appreciably reduced the inductive influence 
of the power system on telephone communication. More- 
over advances in longitudinal balance and shielding of 
modern telephone circuits have minimized their suscep- 
tiveness to outside disturbances. These factors are con- 
tributing in generous measure toward further progress in 
clarity and freedom from noise in today’s most vital com- 
munication facility, the telephone. 
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Rotor Slotting Factor* Cy, = sin ( kv’) / ky’ angen 


where k=Order of the harmonic to be calculated. 

(ae: 1, 3, 3, 7, ee.) 

c = Number of slots per phase belt 

5 = Electrical angle between adjacent slots 

p = Per unit coil pitch. (Expressed as decimal 
fraction of full pitch) 

A = Electrical angle of skew. (Measured at op- 
posite ends of the core) 





6, = Displacement angle of phase r 
REFERENCES n= Number of phases in series between lines 


1. “Review of the Subcommittee on Wave Shape Standards of yx [ Actual number of slots per phase belt. 
the Standards Committee,’ H. S. Osborne, AIEE Transactions, ; 
Vol. 38, 1919. 

2. ‘Measurement of Telephone Noise and Power Wave Shape,” 
J. M. Barstowe, P. W. Blye and H. E. Kent, Electrical Engin- 
eering, Dec. 1935. 


(e.q. 2.73) | 
_ 
— X<] Numerator of number of slots per 


3. “Telephone Influence Factor and Its Measurement,’ W. C. pole expressed as an improper fraction re- 


Ball and C. K. Poarch, AIEE Transactions, 60-1195. duced to lowest terms (e.q. 64, for 91% slots 
4. “Voltage Harmonics of Salient Pole Generators Under Bal- 64 

anced 3 Phase Loads — I,’ David Ginsberg and Alois L. Jokl, per pole—= ——) 

AIEE Transactions, Feb. 1960. ] 
5. “Telephone Interference and Alternator Wave Shape,” L. T. x = Denominator of fractional slot number re- 


rg lis-Chalmers Electrical Revie > 1943. ee 
Rosenberg, A/l/is-Chalmers FE " rical Review June i 943 duced to lowest terms (eq. 7, for 9% slots 
6. “Telephone Influence Factor in Synchronous Machines,” J. L. oe pale) 

Oscarson and I. C. Benson, AIEE Transactions, Vol. 70, 1951. al 


¢& — Number of phases 




















TABLE | 5 acs : 
a —=—= Minimum electrical angle between 
Comparison of TIF Values of Turbine-Generators by 1935 x 
0 Ce Sy ene corresponding slots under different poles 
ASA Std. ting tilt os slotted arc of rotor \_ 
wae 1960 TH (1935 Curve) Mii total circumference J” 
Bal- Resi- Bal- Resi- Bal- Resi- 0 
i It d* dualt d* dualt+ d* dual P - é : 
Kva Rating Voltage ance val+ ance val+ ance val+ (eq. y’ = Ke. X = a Nil lise spaced . eile 
265,000 20,000 3.39 5.60 3.88 4.60 50 30 <0 26 
206,470 18,000 3.70 7.00 3.93 5.48 50 30 K,. = Carter Coefficient for 
32,000 13,800 11.30 430 10.10 3.80 50 30 — ( __ effective gap due to rotor =) 
9,375 13,800 17.30 14.20 33.70 19.10 60 30 net actual gap 
* Harmonics other than triples * Ratio of the kth harmonic in a trapezoidal wave to the kth 


t Triples only harmonic in a rectangular wave of equal height. 


~I 


Allis-Chalmers Electrical Review * Fourth Quarter, 1960 











by H. H. ROTH 
Motor-Generator Dept. 
Allis-Chalmers Mfg. Co. 


Higher hydrogen pressures provide 
greater economy and reduced size 
for synchronous condensers. 

The design is dictated by the application. 


PRESENT AMERICAN STANDARDS for hydrogen 
cooled synchronous condensers provide for a normal kvar 
overexcited rating at a hydrogen pressure of 12 psig, with 
a 60 C temperature rise on the stator windings and an 
80 C rise on the rotor windings. The standards also pro 
vide for an increased rating of 120 percent of the 1/2-psig 
rating when operated at 15-psig pressure, without exceed- 
ing the 14-psig permissible temperature rise. 


Some hydrogen cooled condensers have been purchased 
on specifications calling for only the 15-psig rating. In- 
stead of purchasing a 50,000-kva, 1-psig machine, a 
48,000-kva, 15-psig condenser might be purchased, which 
is equivalent to a 40,000-kva, 14-psig condenser. 


Standard hydrogen cooled condensers have an under- 
excited rating of 42 percent of the 14-psig overexcited 
rating. Hence a 50,000-kvar, 14-psig condenser has an 
underexcited rating of 21,000 kvar, while a 48,000-kvar, 
15-psig condenser has an underexcited rating of only 


16,800 kvar. This loss of underexcited capacity may be of 
no importance for some applications, such as a condenser 
which serves a large industrial load and is used only for 
power factor correction. However, when used for trans- 
mission line regulation, the lagging capacity of a condenser 
may be of considerable importance. 


Higher pressures provide advantages 
There are in operation today several condensers designed 
for operation at hydrogen pressures above the present 
15-psig maximum. The condenser shown in Figure 1 is 
one of three 50,000-kvar, 30-psig units operating on one 
major power system. The advantages of using this higher 
pressure as compared to a 1-psig unit are: 

1. Physical size of machine is reduced. 


2. For a given kva a higher RPM can be used because 
the machine is reduced in size. 


3. Foundation structure is smaller. 

4. Less substation space is required. 

5. Hydrogen volume is reduced. 

When compared to a 15-psig rated condenser, there is an 
additional advantage of full 42 percent underexcited capa- 
city as compared to 33.6 percent for the 15-psig rated 
condenser, since both machines would be designed for the 


full normal underexcited capacity. 


Condensers of conventional design do not readily lend 
themselves to direct cooling of the copper in the stator 
winding. It is therefore not possible to materially increase 











the rating of an existing condenser designed for 12-psig 
normal operation over its 15-psig rating merely by increas- 
ing the hydrogen pressure to 30 psig. The thermal barrier 
of the stator coil insulation prevents any substantial in- 
crease in the heat transfer from the armature copper to 
the stator core and to the cooling gas. Excessive copper 
temperatures will result. A condenser for 30-psig opera- 
tion must therefore have its stator winding designed for 
about the same current density as for machines built for 
lower hydrogen pressures. 


A synchronous condenser designed for rated kvar at 30 
psig may be operated at reduced hydrogen pressures, but 
its capacity will be reduced. The relative capability of the 
three machines with respect to hydrogen pressure is shown 
in Figure 2. 


Supercharged cooled condenser in use 

An interesting condenser application is the machine shown 
in Figure 3. This unit was built as an experimental com- 
pletely supercharged generator with both rotor and stator 
copper cooled by direct contact with the cooling gas. While 
it was given a nominal rating of 47,000 mva at 30-psig 
pressure, 3600 rpm, it was designed for operation at 
pressures up to 75 psig. 

An extensive testing program was carried out at the 
factory on this machine, from which much valuable data 
was obtained for use in the design of large completely 
supercharged turbo generators. Upon completion of this 
program the machine became available for sale, and was 
applied as a synchronous condenser in a large steel plant. 


This condenser is used in an arc furnace installation 
for power factor correction and for the suppression of the 
light flicker resulting from furnace operation. A condenser 
used for suppression of light flicker on an arc furnace load 
must have a low transient reactance. A normal 30,000-kva, 
\4-psig hydrogen cooled condenser has a transient reac- 
tance of approximately 48 percent, while application for 
light flicker suppression requires a reactance of about 
30 percent. 

It was determined that the completely supercharged 
generator could be applied as a condenser for this appli- 
cation at a nominal rating of 30,000 kvar, 3600 rpm, at 
















































































10-psig hydrogen pressure. On a 30,000-kva base it has a 
transient reactance of 20.6 percent making it ideally suited 


for arc furnace application. Because both the rotor and 
stator copper are cooled by direct contact with the cooling 
gas, the machine can be operated at increased kvar ratings 
at higher hydrogen pressures. For its present service, 
however, a rating of 30,000 kvar is adequate. 


Since this is a two-pole machine, the usual reduced 
voltage starting scheme with a starting winding on the 
rotor is not practical and starting is accomplished by means 
of a wound rotor induction motor geared to the condenser 
shaft. The main exciter is also driven through the same 
gear. 


At this time it seems probable that hydrogen pressures 
higher than the present standards will be used on syn- 
chronous condensers built in the future. However, to 
fully utilize the advantages of these higher pressures, 
direct cooling of the stator copper would be necessary, 
and this has so far been considered impractical on ma- 
chines operating below 1800 RPM. 





by H. A. WRIGHT 
Control Department 
Allis-Chalmers Mfg. Co. 


“Why box all this air ?” 
is the question that led to development 
of a completely new space saving concept 
for 2.5 and 5-kv motor control. 





FOR OVER 20 YEARS the electrical industry has been 
supplying high voltage, high interrupting capacity con- 
trollers with current limiting power fuses. The early 
starters were quite large and required aisles both front 
and rear. Users, conscious of floor space asked, “Why 
box all this air ?” 


The answer at that time was that room was needed for 
the control components, high voltage spacing and segrega- 
tion, and the maintenance man. With this in mind, the 
first developments were to reduce the size of the com- 
ponents. Since there was still too much air, the require- 
ment for the rear aisle was eliminated by designing a 
front access starter. At the same time, the space needed 
for maintenance men was eliminated by making the high 
voltage contactor roll out for service. The new equipment 
seemed to be the answer except that the power leads had 
to be unbolted to roll out the contactor and there was 
little space for the maintenance man to do this work. The 
result was reduced floor space but increased maintenance 
costs. 


The latest development problem to be solved was the 
reduction of this maintenance handling time. By making 
the high voltage contactor and fuses plug-in, the main- 
tenance time required to unbolt the power and control 
leads could be eliminated. However, using available com- 
ponents, the enclosure would still be about 71 feet high 
and 3 feet square on the base. 


To reduce the overall controller volume, an entirely 
new high voltage air contactor rated 400 amperes, 5-ky 
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RATCHET DOOR HANDLE moves contactor to the disconnect 
position before cubicle can be opened. Contactor carriage can 
then be safely and easily rolled out of cubicle. (FIGURE 1) 


with 50-mva interruption and 60-kv impulse capacity was 
designed to fit in an enclosure 45 inches high. 


Control center construction used 

The new contactor design culminated in a new space sav- 
ing concept —the first 5-kv motor control center. Figure 
1 shows the new control center construction. Two squirrel 
cage motor starters are arranged one over the other in a 
90-inch enclosure requiring half the floor space of current 
models. 



























Each 45-inch section houses a complete motor starter, 
consisting of the carriage, fixed portion and low voltage 
control. 

The contactor carriage is rolled in and out of the pri- 
mary disconnects plug by a helical drive mechanism. The 
racking mechanism is externally operated by a reversible 
ratchet handle providing practically effortless operation. 
The carriage arrangement shown in Figure 2 is obtained 
by using the new contactor mounted on wheels as the 
basic unit, to which is added the current limiting fuses, 
plug-in devices, and high voltage control panel. The in- 
sulation between phases and between the phase and ground 
is the new flame-retardant, arc track resistant glass polyes- 
ter. Considerable reduction in the size of the carriage 
was made possible through the use of this new insulation. 


The stationary line and load high voltage power primary 
disconnects and racking mechanism are located on the 
rear wall of the 45-inch high compartment as shown in 
Figure 2. An isolating shutter, positively driven both 
open and closed by the racking mechanism, covers the 
line terminals when the carriage is racked out. 

The incoming power lines are connected to the top 
stationary primary disconnects on the rear wall. The cor- 
responding load terminals are connected by cables to the 
current transformers which are mounted on the left-hand 
side-sheet. The user’s outgoing load connections are made 
to the opposite side of the current transformers. The low 
voltage control power source and control connections are 
taken from the removable carriage to a plug-in terminal 
block, having 19 circuits. All inter-control connections 
from the carriage are made in the form of a trailing cable 
which extends to the user’s control terminal block on the 
side-sheet. This permits the contactor to be rolled com- 
pletely out of the cubicle for maintenance and adjustment 
without disconnecting the control power, provided of 
course, that a separate control power test source is used. 

The control components are mounted on a sub-panel 
which in turn is mounted on the enclosure door. A hinged 
lift-off protective barrier is placed over the control panel. 
This barrier also serves as a shield for the user’s control 
terminal block when the front door is closed. The barrier 
is shown in Figure 2. The overload relays are mounted 
directly behind the viewing window and may be externally 
reset following a tripping operation. While two overloads 
are standard, provisions are included for mounting and 
connecting a third phase overload relay when desired, as 
shown in Figure 3. 

Since the basic full voltage starter is 45 inches high, it 
is being made available for low balcony or wall bracket 
mounting as shown in Figure 4. Used in this way, the 
controller requires no floor space. 

When controllers are joined together in a line-up, they 
may be provided with a common three phase power bus. 
The bus placed in a duct located on top of the enclosure 
is closed in from the bottom and has a removable access 
plate on top. With this arrangement, the bus is com- 
pletely isolated from the controller. 


Safety emphasized 
Mechanical interlocking is provided to prevent the carriage 
from being racked out while the contactor is closed and 
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prevents the door from being opened until the contactor 
is in the racked out position. An isolating shutter driven 
by the racking mechanism covers the line terminals when 
the carriage is racked out. 


To prevent accidental power interruption at the low 
voltage supply plugs, an electrical interlock completely 
interrupts the continuity of the low voltage control power 
circuit before the main primary disconnects separate. This 
transformer interlock provides additional safety to the 
maintenance man by preventing any separate source of 
control power from feeding back thru the control trans- 
former when the carriage is in the racked out position. 


The new control center design for high voltage starters 
promises to bring new safety standards for high voltage 
control. Simplified handling procedures are now possible 
for the maintenance man and at the same time valuable 
floor space can be conserved. Floor space is becoming 
more important in modern process plants where controls 
are mounted in conjested areas and where purged rooms 
are needed to keep control equipment away from con- 
taminated atmospheres. 





















INTERRUPTING 
CAPACITY IN- 


THE SPACE — 


by L. A. BURTON 
Control Department 
Allis-Chalmers Mfg. Co. 





2 to 5-kv contactor was specially designed 

to fit in a new space saving motor control 

center type cubicle. Latest track-resistant 
insulation aided its designers. 


IN THE TWENTY YEARS that the electrical industry 
has been supplying high voltage, high interrupting capa- 
city motor controllers, many successful efforts have been 
made to reduce the size of these controllers and the floor 
space they occupied. 


An analysis of the last generation of 2000 to 5000-volt 
motor control indicated that an effort to reduce the floor 
dimensions of the basic unit would not result in any 
significant reduction in size. A prospect of dramatic gains 
in space requirement, however, lay in reducing the height 
of the controller. Two complete units could be pack- 
aged, one above the other, in the same space required by 
existing controllers, thereby reducing floor area and build- 
ing space requirements to one half. The prospect was 
sufficiently alluring to justify the complete redesign of 
most of the controller components. Since the heart of the 
controller is the high voltage contactor, a new contactor 
development program was initiated approximately three 
years ago to achieve the necessary size reduction. 

The specifications for this development project were 
in essence to “produce a new 400-amp 2000 to 5000-volt 
contactor with an interrupting rating of 50,000 kva that 
could be packaged in one half the space required by ex- 
isting designs.” 
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TWO MOTOR STARTERS can now be installed in space previously re- 
quired by one. Removable carriage providing safety and convenience 
for handling and inspection is built around new 2 to 5-kv contactor. 





It was apparent that the design effort would have two 
major divisions. The first was to design a contactor to fit 
the available space, and the second was to devise and per- 
fect an interrupting mechanism that would function safely 
despite the confined space of the smaller cubicle. 
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To start with, it was established that a space 15 inches 

wide by 24 inches deep, by 28 inches high would be 

available. In contrast the existing contactor was 43 inches 

high. Preliminary layouts were made in a side view 

| ‘ blocked in by the limiting dimensions shown in Figure 1. 

A compact arc chute was outlined together with a suitable 

double break contact structure. Experience with earlier 

designs has shown that double break contacts inclined at 

45 degrees provided a number of advantages. A double 

break contact eliminates the potentially troublesome and 

short lived flexible leads. Contacts at 45 degree angle 

shed dirt, and utilize a wedging action to increase con- 

tact pressure. They also facilitate natural arc movement 

into the arc chute. This arrangement increases contact 

life by moving the arc off the contact surfaces faster. 

Although effective at all currents this natural arc move- 

ment is especially helpful at very low currents. Difficulty 

in interrupting these low currents has been experienced 
with other contact configurations. 

The operating magnet was fitted into the layout in the 
remaining available space, below the blowout coils and 
adjacent to the contact structure, as shown in Figure 2. 
This location provided another desirable design feature, 
a clapper magnet. A pantograph drive was used to con- 
vert rotary motion of the magnet to linear motion of the 
movable contact structure. Rotary motion has rather 
obvious advantages. The relative motions of frictional 
surfaces are very small and these frictional forces occur 
at very small moment arms. Operating friction becomes 
a negligible factor even in dirty, dusty, and highly con- 
taminated environments. 


New insulation provides extra safety 


A new flame retardant, track resistant insulation material, 
was chosen for the contact support moldings. It is a 
glass reinforced polyester material containing a patented 
mechanism which increases the carbon tracking resistance 
by 100 to 200 times that of standard flame retardant poly- 
esters and approximately 1000 times that of phenolic ma- 
terials. This insulation was recently introduced in 15-kv 
switchgear to obtain extra protection against tracking. 


The contactor, is designed as an independent device 
for handling currents up to 400 amperes with an inter- 
rupting rating of 50,000 kva. It can be used, as a com- 
ponent in various control applications. When used in a 
space saving cubicle as a motor controller, it becomes 
part of a fused drawout assembly, as shown in Figure 3. 
Special moldings, of the same flame retardant, track resis- 
tant material used in the contactor were used to support 
the power fuses. In just 11/4 inches of height, these mold- 
ings provide a barrier between the fuses and the arc chutes, 
mechanically mount the fuse clips, electrically isolate one 
phase from the next, and provide adequate creepage. 
Figure 3 illustrates how essential these moldings were in 
limiting the controller height to 45 inches. 


A similar molding supports the power stabs on the back 
of the cubicle and makes the plug-in feature possible in 
a 32-inch cubicle depth. 
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New arc chute design was required 

The second major area of work was the design of an in- 
terrupting mechanism. It was established by a series of 
tests that chutes of conventional design were not adequate, 
because the space for the dissipation of the arc products 
exhausting from the chutes had been drastically reduced. 


A novel design was conceived and was refined by a 
series of tests on full scale segments of the chute at re- 
duced ratings and with complete models, at full ratings. 
While it was possible to do some of this experimentation 
with the contactor alone, it was necessary to use prototype 
models of the complete controller to prove interruption 
capability. While the contactor was tested according to 
NEMA standards, many other tests were necessary to prove 
and improve its suitability for its various applications. 


Interruption tests were made over the entire range of 
currents from a few amperes to 6000 and 12,000 symetri- 
cal amperes at 5000 and 2500 volts respectively. These 
tests were made at power factors less than 15 percent. 
Oscillograms of tests are shown in Figure 4. In a con- 
troller protected by current limiting fuses, the contactor 
will have to switch motor inrush currents which will al- 
ways be less than 4000 amperes and usually much less 
than 3000 amperes. The test shown in Figure 5 was made 
to prove its through-current carrying ability during fault 
interruption of the maximum size power fuse used with 
the contactor. 

Operational tests of pick-up, drop-out, bounce, and 
travel showed that the device picked up at 65 percent of 
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rated voltage with negligible closing bounce. Since drop- 
out is less than 35 percent rated voltage, it is not sensitive 
to voltage dips. Heat runs were made at full ratings with 
both new and used tips, simulating realistic field condi- 
tions. The contactor was checked for corona at 5 kv, was 
subjected to a withstand test at 15 kv for one minute, and 
passed an impulse test of 60 kv between phases and from 
each phase to ground. 


New design has brought not only new compact dimen- 
sions, but also added safety and convenience for the con- 
trol of 2300 and 4160-volt motors. The reduction in size 
of the contactor itself will also aid those designing other 
equipment requiring contactors of this high rating. 
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Standard load tap changer mechanisms 
are now being used for motor operated 
no-load tap changers. Lower cost 


and greater reliability are gained. 


MANY TRANSFORMERS are provided with manually 
operated tap changers for de-energized operation or no- 
For 


many applications such as furnace transformers where 


load tap changers as they are sometimes called. 


taps must be changed frequently, motor operation of the 
tap changer is generally required. 

A new approach to motor operated tap changers for 
de-energized operation is to utilize standard load tap 
load tap 
changer has as one of its essential elements, a power 
| driven dial switch. These motor driven LTC mechanisms 


changing mechanisms and dial switches. A 





are produced in quantities hundreds of times as large as 















TAP CHANGER is mounted integrally with 
core and coils. Construction for transformers 
is similar to regulator shown. (FIGURE 1) 


the motor operated tap changers for de-energized opera- 
tion. The advantages of quantity production and use are 
not only lower costs, but also increased reliability. Being 
produced in greater quantity there is greater uniformity 
because of the more extensive tooling for the standard 
mechanism. The LTC is a much more thoroughly tested 
device than the more special no-load tap changer can be. 


In the past, motor operated LTC’s have been con- 
structed with a basic tap changer for de-energized opera- 
tion designed for manual operation and adding, externally 
to the transformer, a motor operated gear reducer which 
drives the tap changer. The mechanism is stopped on 
position with dynamic braking or friction braking. 

Evolution has taken place in the design of feeder volt- 
age regulators employing load tap changing. For circuits 
of the 15-kv class and below, the modern regulator em- 
ploys unit construction. The LTC is mounted directly on 
the core and coils of the transformer parts. This unit 
construction requires no oil tight studs between compart- 
ments and eliminates the necessity of an insulating panel 
with gaskets which must be oil tight. Continuous leads 
with no bolted connections except at the dial switch are 
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possible with this unit construction. The assembly of the 
tap changer and the transformer is completed on the 
assembly floor where the complete assembly can be in- 
spected before tanking. 

A modern load tap changer motor is mounted under 
oil in the main transformer tank. The oil not only pro- 
ides lubrication and cooling, but prevents moisture and 
dirt from reaching the motor. As a result, failures on 
these load tap changer motors are practically non-existent. 


Accessories required with tap changers such as posi- 
tion indicators and control switches are made in quantities 
and thoroughly proved not only by experimental tests, 
but also by field service. Load tap changers which are 
positioned by a latch falling in a notch assure proper 
contact positioning. The operating requirements of motor 
operated no-load tap changers are the same as for load 
tap changers except generally no-load tap changers have 
fewer operations. The placement of the operating motor 
under oil was questioned at first for load tap changers, 
but over 20 years of service has proved its superiority. 
The advantage of accomplishing all alignment on an in- 
tegral unit out of the tank eliminates misalignment 
troubles in the field. Change from the Y to delta con- 
nections can be made with the reversing switch of the 
dial switch. One particular application where this con- 
struction can be used to advantage is on furnace trans- 
formers. Normally these require Y-delta switching in 
addition to changing taps. A winding diagram incorpor- 
ating Y-delta switching and a total of eight tap positions 
is shown in Figure 2. The only modification made to 
the standard dial switch was the replacement of sintered 
copper tungsten contacts with copper contacts because 
copper has lower resistance and the extra expense of the 
sintered copper cungsten serves no useful purpose in this 
case. Figure 1 shows a three-phase regulator with a load 
tap changer mounted on it. If the tap changer were used 
as a no-load tap changer the appearance of the tap changer 
would be the same. 


These units may be either single or three phase. Sep- 
arate motor operated tap changers can be supplied for 
existing transformers. A separate single-phase tap changer 
is shown in Figures 3 and 4. This arrangement provides 
a total of 11 tap positions for the transformer winding 
of Figure 5. Secondary voltages as shown by Table 1 are 
obtained by means of the remote controlled motor oper- 


ated tap changer. 


The simplest type of control is to provide a manually 
operated control switch to move the mechanism in either 





the raise or lower direction and to release the control 
switch when the desired position is reached. 


Other features, however, are added for safe operation. 
These include the following: 


1. A normally closed contact on the circuit breaker is 
placed in the no-load tap changer motor circuit. This 
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On position auxiliary relay coil 
On position auxiliary relay contacts 
Auxiliary control relay coil 
Auxiliary control relay contacts 
Capacitor 
Fuse block (10 amp) 
Interlock switch on circuit breaker 
Lower auxiliary relay coil — 
Lower auxiliary relay contacts 
Mechanism motor 

AP» Thru 12....On position switch (closed on operating positions) 


device keeps the tap changer from operating while load 
current is flowing. 


2. A series of parallel contacts located on each of the 
tap changer operating positions, are placed in series with 
the power circuit breaker closing circuit. These inter- 
locks prevent tap changer arcing and subsequent failure. 


3. Position indication is at the point of control. This 
feature can be accomplished either by the use of a remote 
position indicator or by having individual lights con- 
nected to individual switches mounted on the tap changer. 


For some designs, a circuit may be set up to seal in 
tap changer operation in an intermediate position to in- 


OP: Thru 12...On position switch contacts for on position lights 
(closed on operating positions) 
Lower push button switch 
Raise push button switch 
Raise auxiliary relay coil 
Raise auxiliary relay contacts 
Remote lower push button switch 
Remote raise push button switch 
Local control selector switch 
Remote control selector switch 
Mech. motor trip relay coil 


sure that each stopping position will be an operating 
position. 


More complete automatic operation may be obtained 
by adding a control switch with preselected positions. 
Semi-automatic or automatic time sequence operation 
can be set up for a complete load cycle. A control circuit 
for operation of a single-phase 11 contact no-load tap 
changer with some of these features is shown in Figure 6. 


Since load tap changers are now available to cover a 
wide range of voltages and currents as existing in com- 
mercial transformers, a suitable mechanism is now avail- 
able for any application where a motor operated no-load 
tap changer is required. 


















































SYNDUCTIO 
MOTORS | 


by WILHELM A. ANDERSEN 
Norwood Works 
Allis-Chalmers Mfg. Co. 





Actual “‘Synduction” motor applications 
are now requiring tailored designs made 
in volume for wide variety of drives. 


THE “SYNDUCTION” MOTOR is a synchronous-reluc- 
tance type machine of improved design that, over the past 
four years since its development’, has been applied to a 
large variety of drives. 


They have been filling the gap between the limited 
reluctance type motors and the larger dc excited synchron- 
ous machines. They are also being used in a number of 
applications normally covered by induction motors. 


Although these applications led to the development of 
a complete line of 60-cycle motors on the same frame siz« 
as the identically rated induction motors, “Synduction 
motors conforming exactly to the user’s load characteristics, 
mounting provisions and environmental conditions are 
becoming more predominant. By offering optimum per- 
formance and minimum size for a specific application, 
these motors have little competition. Many of these tailored 
designs have now received user’s approval on the basis of 
extensive field tests. The torque characteristics of these 
machines requires special attention in each application. 


High pull-in torque available 

The pull-in torque of any synchronous motor may bx 
defined as the maximum torque under which the motor 
will pull a connected load into synchronism. This torque 





1The “Synduction” Motors, R. J. Dineen, 4th Quarter, 1956 
Allis-Chalmers Electrical Review. 
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SPECIAL ENCLOSURES, mounting provision and torque charac- 
teristics are required for most applications. Group of motors 
shown are part 448 being readied for cycling frequency drives. 


must cover both the actual horsepower load during pull-in 
and the torque necessary to accelerate the load inertia. 
In many variable speed (variable input frequency) drives 
this inertia may be so large that the required pull-in 
torque is the determining factor in the motor design. 


Numerous prototypes have been built for the synthetic 
fiber industry on the NEMA 50 frame series (7 inch yoke 
diameter). The pull-in torque of these motors was in- 
creased to the point where the motor will accelerate and 
pull into synchronism an external inertia 80 times greater 
than its own rotor inertia at speeds up to 6000 rpm. A 
4 hp, 5000-rpm, 4-pole motor that must synchronize a 
load inertia of 2 lb-ft? at a friction load of 0.1 hp will 
have a rotor that is only 34% inches in diameter and 
134 inches long. 

This reduction in size is not only beneficial from the 
viewpoint of space consumption and cost, but will also 
keep the electrical losses and reactive power to a minimum. 
As a result, the power factor and efficiency at rated load 
will be superior to a motor requiring a larger rotor for 
synchronization of the same inertia. Furthermore, the 
pull-out torque of the small rotor will be greater than 
200 percent of rated torque, thus insuring stable syn- 
chronous operation under heavy overloads. 


In improving the pull-in capabilities of these motors, 
the design engineer must consider the harmonic content 
of the stator mmf wave, the rotor salient pole embrace, 
the minimum resistance of the squirrel cage, and the 
proper location of the rotor slots and magnetic barriers. 
Although engineers have yet to make a full and accurate 
quantitative analysis of these factors with regard to pull- 
in, limited analyses and experimental data have given 
sufficient information for design purposes. 


In addition to the influence of the electrical design on 
the pull-in torque, the external variables have proved to 
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be important. The pull-in torque of a synchronous- 
reluctance motor is more affected by the power supply, 
load, and ambient conditions than internal characteristics. 
In any application where the pull-in could become cri- 
tical, the following factors should be understood: 


1. The pull-in torque is directly proportional to the 
square of the line voltage. Any decrease in terminal volt- 
age, resulting from the high transient currents during 
pull-in or from other loads on the line, will result in a 
further decrease in pull-in torque. 


2. The pull-in torque is inversely proportional to the 
power supply frequency stability and rigidity. A motor 
receiving its power from a large 60-cycle commercial 
power supply will often have a pull-in torque only half 
the value measured on a 10 to 50-kva variable frequency 
generator. This effect is primarily because the smaller 
power supply undergoes a minute transient frequency 
variation that will momentarily reduce the synchronous 
speed of the stator mmf wave to match more closely that 
of the rotor at the exact cycle of pulling into synchronism. 
Often as little as 0.01 percent is needed to be effective. 


3. High harmonic content of the input voltage wave 
may adversely affect the motor’s acceleration and pull-in 
torque. Since it would be both unreasonable and ex- 
tremely difficult to analyze all power supplies, particularly 
those of variable frequency drives, the harmonic content 
should be minimized. Special caution should be given 
to input frequencies outside the 25 to 300-cycle range. 


4. The motor can either pull in an unusually large 
inertia or a load approaching 150 percent of rated load, 
but not both without increasing motor size. 


5. A “Synduction” motor requiring a Class B or H 
insulation system will have a lower pull-in torque than 
the corresponding Class A unit. Any substantial increase 
in motor temperature rise or ambient temperature will 
increase the rotor resistance and result in an increase of 
slip while the motor is running at subsynchronous speeds. 
The reluctance or synchronizing torques are less at the 
larger slip and a reduction of pull-in ability will result. 
In many instances, however, the rotor squirrel cage can 
be altered to compensate for the higher temperatures. 


Motors applied to a ‘‘cycling’’ frequency 

Fractional horsepower “Synduction” motors have also been 
designed to follow a sinusoidally changing frequency in- 
put while driving a specified inertia. The only relatively 
constant load would be the windage and friction of the 
external inertia load and the rotor assembly. In other 
words, the motor essentially supplies the power necessary 
to accelerate the inertia from the minimum frequency to 
the peak of the sine wave. On the downward slope the 
motor would theoretically behave as a generator. 


Figure 1 shows the torque required to drive an inertia 
through a sinusoidal speed variation as a function of 
time. This inertia torque may be expressed as: 

a Wk? | dw _ Wk? | dn Wk? 

a de 308 = dt~—«:308 











* wn,cos wt 


Allis-Chalmers Electrical Review * Fourth Quarter, 1960 


where n= n,-+ nysin wt. 


ny, = basic speed of motor in rpm. 
ny = maximum speed variation in rpm. 


w = speed variation cycle in radians per second 
2x 


Wk? = inertia of load and motor rotor in lbs-ft?. 
7 = time for one complete cycle in seconds. 


The maximum inertia torque will be found for cos wt = 1 
or wt= 0: 
Wk? wn, 
308 

Taking into consideration the windage and friction 
losses and the reserve power needed for anticipated line 
voltage drops of 10 percent (T ~ V”), the motor would 
be designed for a pull-out torque of: 


Tpo > 1.21 (Tmax + Twindage and friction ) 


At t= 7/2 in Figure 1, T; = —Timax and the motor 
will generate power proportional to the difference be- 
tween this torque and the constant windage and friction 
torques. When a large number of these units are being 
fed by one centralized variable frequency unit, the regen- 
eration can be important in rating the alternator. How- 
ever, the possibility of periodically feeding power back 
into the main 60-cycle supply is extremely small as the 
motor-generator and line losses are normally in excess of 
the motor output of 


n(T; ate Teta: and frict. )/7.04 Watts 


Tmax = 














To properly design the motor for optimum power 
factor, efficiency and temperature rise, the average inertia 
torque must also be determined. 





/4 2 
Tee =f : Wk W ny, cos wt dt 
tj 0 308 
or 
Tiavg = — ny ie Tieax 
308r 7 


The windage and friction torques of the load alone 
are usually quite small in comparison to the inertia 
torques and can be neglected in most instances when 
calculating the average horsepower. Also, the additional 
load that they impose on the motor during acceleration 
of the Wk? is partly offset by the beneficial “drag” dur- 
ing deceleration. The average and rated horsepower of 
a cycling “Synduction” motor, therefore, would be: 
Tiavet) _ Wk? n,n, 10-* 
5250 4.047 

A typical example of a cycling application would be 
a motor driving an inertia of 1 lb-ft? at a base frequency 
of 100 cycles and undergoing a frequency variation of 
+ 3 percent in a period of two seconds. A four-pole 
motor would have a basic speed (m,) of 3000 rpm and 
a speed variation (n,) of 90 rpm. Using the equations, 
this motor must handle .918 Ib-ft maximum inertia torque 
and be rated at .334 or 3 hp. 


Hunting avoided 

Unless special precautions are taken, a “Synduction” motor 
driving only a small inertia at load less than 10 percent 
of motor capacity may encounter instability problems at 
low input frequencies and the rotor would oscillate or 
hunt. These oscillations are characterized by cyclic varia- 
tions in the rotor torque angle, ¢m, while the rotor is in 
synchronism with the stator field, and should not be con- 
fused with the transient oscillations which occur during 
pull-in at a varying slip. The displacement angle, ¢m, 
is shown in Figure 2. 

The tendency to oscillate is present in all small syn- 
chronous-reluctance motors having a limited number of 
stator slots from which a crude magnetomotive force 
wave having a high harmonic content is induced. Nor- 
mally, the loads and their inertias, the well-regulated 
power supplies, and the rotor damper bars will stabilize 
these motors and quickly dampen any oscillations that 
occur. If, however, the motor must operate far below 
its torque producing capacity with a small external in- 
ertia, the combination of stator harmonics and resonant 
frequencies between the motor and the power supply will 
occasionally result in a self-generated oscillation. How- 
ever, these oscillations can be remedied if they do occur. 

The cut-away view in Figure 2 shows a rotor sur- 
rounded by a 4-pole stator field and figuratively repre- 
sented by salient poles. In reality this field would rotate 
at (30 XX input frequency) rpm. The rotor is shown 
lagging the d-axis of the stator field by an angle, ¢,,. This 
angle has two components; ¢mo, the torque angle needed 
for the constant load, and ¢my, the variable angle of oscil- 
lation. 
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Any relative movement of the rotor with relation to 
the stator field will (1) require an acceleration or decel- 
eration of the shaft inertia, (2) induce currents propor- 
tional to the rate of flux change in the rotor bars, and 
(3) alter the reluctance torque. These three effects can 
be expressed by a balance of torques that eventually must 
offset a pulsating load or self-generated oscillation. 





1. Inertia Torque, T; = =. bm 
g dt? 

5 . dédmy 
2. Damping Torque, Ty = k, a a 

t 

v- soy 4 . 

3. Reluctance Torque, T;, = we Sy Xa) sin 2h 

- d4*q 


Where V =the phase voltage 
X,4— direct-axis reactance 
X, = quadrature-axis reactance 
¢ = rotor lag in electrical degrees 
_ no. of poles 
i 


m = number of phases 


T; is determined primarily by the load inertia and 
cannot be varied. Therefore, the design engineer must 
give special attention to the damping and reluctance 
torques. 

The damping constant, k;, can be determined from the 
developed torque equation for an induction motor oper- 
ating at a small slip, s. 
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i 7.04 mV°r/s 
eR (i + te/0)* + Ch +X)? 
where s = — a mm radians/second = 
Ns oni 2a ddmy 
6ON, dt 


For any oscillation at synchronous speed, s will be ex- 
tremely small and r2/s >> 1, Xi, or Xo. 





7.04 mV?22r ddmy ddmy 
Taey = = ky —— 
N, f260N, dt dt 
22 2 
or k; = a . for 3-phase motors 
N,*re 


Where N, = motor synchronous speed. 
ft = equivalent rotor resistance per phase of the 
damper bars and end ring. 

The expression for k; clearly indicates that in order to 
obtain maximum damping, the rotor must have a maxi- 
mum damper bar area consistent with permissible flux 
densities in the rotor teeth. 


Depending on the source of oscillation, the reluctance 
torque may be modified in one of two opposing directions. 
For an oscillation imposed by a pulsating load, an in- 
crease of (Xqa— X,) must be accomplished by decreas- 


ing the salient pole embrace to reduce the amplitude of 
oscillations. For a self-generated oscillation, a reduction 
of (Xa—X,) should be made to the degree of still 
maintaining the minimum acceptable pull-out torque. 
Any increase of (Xa—X,) would only amplify the 
harmonic content of the magnetic field and thereby in- 
crease the oscillation. The resulting increase in pole 
embrace will also provide space for larger damper bars 
and further reduce the self-generated oscillation. 


Applications demand special attention 

Generally the “Synduction” motor developments are the 
result of specific needs for a brushless, rugged motor that 
will maintain a constant shaft speed independent of 
changes in load or input voltage. These needs exist 
primarily in applications where a wide range of non- 
standardized loads and speeds prevail. In addition, mount- 
ing provisions and packaged units have often required 
a special frame. 

Although standardization is undoubtedly the key to the 
success of induction and dc motors, it appears that the 
synchronous-reluctance motor is the exception. The fore- 
going analyses of custom-made “Synduction” motors 
should result in a better understanding of its limitations 
and potential, thus furthering the motor’s proper appli- 
cation. 
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Fluid mechanics provides more precise 
solutions to seal problems resulting 
in greater simplicity and 
increased seal efficiency. 


MINIMIZING STEAM LEAKAGE through the shaft 
seals of a turbine has provoked studies and investigations 
for more than 50 years. Over this time, difficulties with 
shaft seal leakage have been aggravated by higher operat- 
ing pressures and reduced space for shaft seals. Rapid 
turbine loading and unloading, causing a differential in 
expansion or contraction between the rotating and sta- 
tionary turbine elements, have also added to the problem. 
Modifying purely thermodynamic formulas with fluid 
mechanics has substantially contributed to the accuracy 
of seal leakage calculations. Where thermodynamics is 
restricted to seals of simple configuration which occupy 
much axial shaft area, modification with fluid mechanics 
allows designers to cope with present-day seals with com- 
plex flow paths in confined space. 


Steam is throttled 


Labyrinth shaft seals are used to throttle steam flow past 
a rotating turbine shaft at the points where it emerges 
from the cylinder. The shaft seals also limit air inflow 
into the evacuated portion of the turbine at the condenser. 
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MATHEMATICAL APPROACH to combination labyrinth seals is 
now available using factors based on fluid mechanics. These seals 
are now being used effectively in higher rated steam turbines. 





These functions are accomplished by providing a chamber 
midway through the steam path in each seal into which 
both steam and air flow. This steam and air is discharged 
through a water ejector or seal condenser, as shown in 
Figure 1. 

A steam seal may be visualized as a series of constrict- 
ing annuli along the end of the spindle. A pressure drop 
occurs across each. When sufficient constrictions are 
placed in the series, the seal is capable of limiting steam 
and air leakage to small values even though a large pres- 
sure differential exists across the cylinder wall of the 
turbine. 


Martin’s formula, shown in Figure 2a, which is a ther- 
modynamic approach to seal leakage calculations, treats 






















the operation of a seal as an isothermal process in which 
the temperatures of the fluid, gas or steam, entering and 
leaving the seal are practically the same. 

Martin’s formula also visualizes seals as operating «n 
the principle of converting velocity energy issuing from 
an annular orifice to heat in the region between that 
constriction and the next downstream constriction. 


Fluid mechanics changes concept 

This mechanism of flow, however, exists in its pure form 
in few practical cases. Fluid mechanics provides a more 
accurate insight into the details of the flow picture. 
Martin’s formula was therefore, modified to take into 
consideration the effects of the more complex flow pat- 
terns. The modified formula of Figure 2b provides added 
flexibility to evaluate losses in seals of modern turbines. 


The complete conversion of velocity energy to heat in 
the area between constrictions implies that there is suffi- 
cient space between the adjacent constrictions for the 


fluid velocity to be completely dissipated. Only when the 
fluid velocity approaches zero between adjacent constric- 
tions is the energy conversion complete and, under this 
ideal circumstance, the seal is performing its function 
most efficiently. A straight seal, such as shown in Figure 
3, with seal constrictions widely spaced, approaches the 
ideal situation of complete velocity energy depletion. 


Fluid mechanics provides the key to evaluate precisely 
the residual energy which remains after the throttling 
cycle occurs through successive seal constrictions. This 
is the significant difference between the thermodynamic 
and the combined thermo-fluid mechanics approach since 
the thermodynamic approach is inadequate for evaluating 
the quantity of energy remaining after throttling. Ac- 
tually, the spacing of seal strips and the proportioning of 
seal dimensions is the most important factor in determin- 
ing the amount of residual energy remaining at the inlet to 
a following constriction. Fluid mechanics takes advantage 
of seal geometry in evaluating seal losses. Generally speak- 
ing, the smaller the distance between seal constrictions 
and the larger the clearance between the seal strip and 
the rotating shaft, the more residual velocity energy passes 
through the deceleration zone. An example would be a 
straight or step seal confined to a minimum axial space, 
as in Figure 4. 


Differential in expansion effects seal 


performance 

Seal configurations change appreciably during periods of 
load change, particularly when the seal is adjacent to a 
high temperature region of the turbine. At these times 
when turbine elements are being rapidly heated or cooled, 
the spindle, which is of relatively small mass, changes 
length faster than the cylinder which houses it. This 
inequality in axial growth rate is termed differential ex- 
pansion. During such time, the seal is said to be operat- 
ing under “off design” conditions. If a step seal were used 
for “off design” operation, seal projections would miss 
their intended lands, thus opening large gaps within the 
seal and reducing its effectiveness. In addition, the long 








sealing points could rub on the lands, which are raised 
portions of the shaft, and destroy the seal. For these 
reasons, straight seals are often used where differential 
expansion is large. 


Leakage controlled during differential expansion 
Controlling steam leakage during periods of differential 
expansion has prompted the evolution of the combination 
seal, shown in Figure 5. During thermally unstable oper- 
ating periods, some seal strips do not ride in close prox- 
imity to mating lands as they should. The effect is an 
axial displacement of seal strip with respect to the land. 
Therefore, the length of the groove adjacent to the longer 
seal strip must be the width of the seal strip tip plus a 
multiple of the magnitude of greatest differential expan- 
sion which will be tolerated in the design. The latter is 
necessary because differential expansion may find the 
spindle growing or contracting faster than the cylinder. 
Similar proportioning must also be made in the two small 
seal strips sandwiched between the longer seal strips so 
that at least one seal strip will ride close to the land during 
periods of differential expansion. This is critical in elim- 
inating large internal gaps which nullify a seal’s effective- 
ness in restraining steam leakage. 


Fluid mechanics proves vital in establishing rates of 
steam leakage taking into account normal and “off design” 
seal geometry with “off design’s” relative effect on sealing. 


The derivation of the formulas are practically indepen- 
dent from the properties of the medium flowing through 
the seal. The fluid mechanics approach to seal calculations 
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Zero sequence impedance of transformers, 
an important factor in proper system 
operation, can be readily calculated. 

Here are the basic considerations. 
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is therefore applicable to steam turbines as well as to gas 
uuirbines and such other rotating machinery as compressors 
and blowers. 
REFERENCES 
1. “Labyrinth Packings,’ H. M. Martin, Engineering, January 10, 
1908. 
2. “A Fluid Mechanics Approach to the Labyrinth Seal Leakage 
Problem,’ Geza Vermes, ASME paper 60 GTP-12. 


ONE OF THE MOST OVERLOOKED, if not entirely 
neglected transformer design parameters, is that of zero 
sequence impedance. Available literature on the subject 
generally concedes that for a shell type constructed trans- 
former, the zero sequence and positive sequence imped- 
ances will be equal; whereas, for a core type construc- 
tion, the zero sequence impedance is approximated as 
being 85 percent of the positive sequence impedance. 
The system operating engineer has learned to live with 
these limitations and, therefore, has not expected the 
transformer designer to engineer this parameter to his 
specifications. This understanding between designer and 
operating engineer is justified, as the zero sequence 
impedance cannot economically be altered with relation 
to the positive sequence impedance. 
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EQUIVALENT CIRCUIT of one transformer phase 
shows the impedance relation. (FIGURE 1) 





EQUIVALENT CIRCUIT can be simplified by 
assuming exciting impedance high. (FIGURE 2) 





PARALLEL COMBINATION is also given in 
an equivalent transformer circuit. (FIGURE 3) 


A three-phase core-type, delta-Y transformer with the 
Y low voltage winding employing a helical construction 
and the delta high voltage winding having a disc coil 
construction is used as an example and all calculated 
quantities are referred to the primary or high voltage 
winding. 

In calculating the positive sequence impedance, the 
transformer designer makes use of an equivalent circuit 
per phase which is shown in Figure 1. 

When three-phase voltages are applied to the trans- 
former the exciting impedance Xy is relatively high and 
for design purposes the equivalent circuit is reduced to 
that shown in Figure 2. 

With all quantities referred to the primary side, there 
is no need to separate Xj and X;, and the designer cal- 
culates (Xq + X.) by means of the following formula 


40.2 T? (MT) (3D+T.+Tw) 
107 x [1+ 


(At 60 
(D+ Ty + T) | cycles ) 





(Xu + Xi) = 





2.8L 
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The various quantities used in the formula are phy- 
sical dimensions of the low voltage and high voltage 
coils and are defined in Appendix 1. If percent positive 
sequence impedance is desired it is necessary to multiply 
(Xu -+ Xz) by the rated kva phase current I and divide 
by the base phase voltage E as shown by the following 
relationship 
(Xn + Xi) 1X 100 

E 


These formulas are well known to transformer de- 
signers and yield results which are quite accurate. 





Percent IX = 


If this procedure is to be applied in the calculation of 
zero sequence impedance it is again necessary to refer 
to the equivalent circuit of Figure 1. In applying zero 
sequence or single phase voltages to the primary coils 
the exciting flux is forced out of each core leg into a path 
which is predominantly air or oil. For this reason it is sug- 
gested that the transformer can be roughly approximated 
as an air core transformer. This means that the exciting 
impedance Xy can no longer be neglected and takes on 
values which are comparable to Xyq and X;. Xy can be 
calculated using Brook’s formula by considering the high 
voltage winding to be a simple air core reactor. Xy is 
then obtained as follows 


0.366 10-ef Sak 1: [= ][ =] 377 
L+Ta+R 
The various quantities used in Brook’s formula are 
defined in Appendix 2. 


Xv = 





To arrive at an equivalent zero sequence impedance 
circuit it is assumed that Xy and Xy, are equal and 
Xn = Xp = 4% (Xu + Xz). An equivalent circuit with 
a parallel combination of Xy and Xy in series with X;, 
results as shown in Figure 3. 


A study of the preceding circuit reveals that the in- 
clusion of Xy reduces the impedance to a value less than 
(Xu + Xz). The ratio of zero sequence impedance to 
positive sequence is evidently equal to 


(Xa) (Xu) 
Zo = (Xu + Xn) 
Zi (Xu + Xz) 


, Zo . ; 
A sample calculation of the ratio of — is. made in 
1 


Appendix 3 to indicate the procedure to be followed. 
The particular example chosen was taken from design 
information for a 1000 kva transformer and the ratio of 


+ Xi 





9% 


Zo , ; ; ’ ; 
——determined in this case is %0. This result is easily 


1 
verified by test data. 

While the exciting impedance is the dominant factor 
relating zero and positive sequence impedances, it is by 
no means the only factor involved. It is very likely that 
the core side frames as well as the tank combine to pro- 
duce, in effect, the action of a delta tertiary winding. The 
net result of this imaginary tertiary would place another 
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impedance in parallel with the circuit shown in Figure 3 
and would again lower the impedance. However, due t 
the relatively large insulation clearances maintained to the 
side frame and tank, the impedance of this tertiary would 


be rather large. For this reason its effect is neglected 


Another factor to be considered is that of neutral lead 
reactance, which is of no importance in the determination 
of positive sequence impedance, but which must be con- 
tended with in arriving at the total zero sequence im- 
pedance. Considering the present day compactly designed 
lead assemblies, this factor may in many instances be 
regarded as negligible. In those cases where it is not 
insignificant, its effect is to counteract that of the excit- 
ing impedance. Thus, it is possible for the zero sequence 
impedance to equal or slightly exceed the positive s¢ 
quence impedance depending on the relative magnitudes 
of neutral lead reactance and exciting impedance. 


Consideration must also be given to the location of the 
exciting winding with respect to the core. If it is the 
winding nearest the core, the proximity of the iron will 
tend to keep the value of Zo up. 


Thus, there are many factors which contribute to the 
zero sequence impedance, but basically it is the excit- 
ing requirement which tends to give a value which is 
less than the positive sequence impedance. Having de- 
signed for a given positive sequence, testing is then the 
proper way of determining Zo. If, however, an approxi- 
mation is necessary without test, the suggested method 
should be better than the 85% estimate. It should give 
values which are on the low side since the flux path is 
not as bad as this method assumes. 


Table I shows a comparison of calculated ratios of Z 
to Z;, and actual test values. All tests were made by 
applying the test voltage to the winding located next t 
the core. The units having a ratio greater than one had 
the neutral lead remotely located with respect to the ling 
leads, thus giving additional lead reactance. 


REFERENCES 
. Zero Sequence Impedance, W. C. Sealey, Allis-Chalmers | 
trical Review, June 1941. 


. Relay Systems — Theory and Application, 1. T. Monseth 
P. H. Robinson, McGraw-Hill Book Company, 1935 


TABLE |! 





Ratio Z,)/Z; 
Voltage Calculated 
34400A-4160Y 91 
43800A-13090Y 91 
12000A-4160Y 94 
13200A-4160Y 93 
67000A-13090Y .90 
69000 A-12470Y -90 
67000A-13800Y 91 











APPENDIX 1 

(MT); = Mean turn of L.V. winding in 
inches 

(MT) = Mean turn of H.V. winding in 
inches 


(MT)i_+ (MT)x 
9 


| 





T = Turns per phase in disc winding 
( primary ) 

L= Length of winding in inches 

D = Radial clearance high to low 
winding in inches 

Ty and Ty, = Radial thicknesses respectively of 

the H.V. and L.V. windings 

R = Outer radius of H.V. winding 

Xp — X,_— Xy = Reactance in OHMS 





Representation of 
cross-section of 
H.V. dise stack 
assembled over a 
helical L.V. 
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L_Lt Fig. A 
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APPENDIX 2 

Brook’s Formula as applied to a disc H.V. winding 


0.366 X 10 a? [e][e] < 377 
12 OHMS 


saa [+are 
— 10L+12T, + 2R 
~ 10L+ 10Ty + 1.4R 
14R 


F, — 0.510Grof 100 + ee 
Zz JH 


APPENDIX 3 








1 


. ; Zo 
Sample calculation of z for a 1000 kva trans- 
1 


former with the following physical data: 

(MT). = 37%” Ty, =0.96”" L=20” D=.78 
(ie SiI” Tei’ T= tae 
(Xy + Xz) 


40.2 X 889 X 443% X (2.34 +.96 + 1.65) 
107 X 20 X 1.06 





— 33 OHMS 
» 200+ 198+178 _ 5, 
. 2s. ie5 


F, = 0.5LOG,9 100 + 





__125_ _ 109 
40+495  — 


Cc 2 
0.366 X 10 fae ae [104][ 100] x 377 
Xu “= 66.5 





20 + 1.65 + 8.9 
66. ; 
(66.5) (16.5) 4.165 
Zy (66.5 + 16.5) 


ee =090 
Zi 59 
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ENGINEERING BEAUTY at the T. H. Wharton station of Houston 
Lighting & Power Company — newest of -utility’s seven outdoor sta- 
tions serving metropolitan Houston and its famous industrialized port 
area. The 220-mw triple-flow tandem steam turbine-generator unit 
combines many advantageous features of both turbine and generator 


























design to account for its excellent performance record. Its unique 
turbine housing is pressurized and the walk-in housing over its 
1500-kw de exciter is entered through an “air lock” hurricane en- 
closure. The impressive 1.5 million lb/hr boiler and tiled turbine 
deck further typify this Ebasco designed station’s modern construction. 

Allis-Chalmers Staff Photo by Michael Durante 
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Extreme precision requirements of 
modern turbine speed-governing systems 
are met with new governor test facility. 


THE BASIC FUNCTION of a steam turbine-generator 


unit speed-governing system is to maintain the balance 
between generator torque and turbine torque at a desired 
speed level. 

If the load torque increases, the instantaneous torque 
unbalance causes the turbine and load to decelerate. The 
governor senses the speed drop and produces an error 
signal approximately proportional to the deviation from 
desired speed. The error signal is amplified sufficiently to 
change the flow of steam. Increased flow causes a greater 
torque to be developed by the turbine. Equilibrium occurs 
when turbine torque again matches generator torque and 
actual turbine speed is equal to desired speed within the 
regulation limits. Figures 1 and 2 show how this balance 
is normally achieved. 

The effectiveness of the system is judged by how close 
the actual turbine speed maintains the desired speed. In 
the event of sudden loss of load torque, the entire instan- 
taneous turbine torque tends to accelerate the rotating 
masses of the turbine and generator. If the torque-to- 
inertia ratio is high, the governor and amplifier must 
act very fast to close the valves before the unit reaches 
destructively high speeds. Unlike hydroctoctric units, 
steam turbine-generators are not designed to take the 
centrifugal forces developed at maximum runaway speed. 
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TESTING 
STEAM TURBINE 


SPEED-GOVERNING 
SYSTEMS 





For safety, the turbine is usually equipped with a trip 


system that rapidly closes the steam inlet valves when 
the unit speed exceeds approximately 110% of normal 
running speed. But tripping the unit out is inconvenient 
in many plants and the speed governing system is nor- 
mally designed to keep turbine speed below trip speed 
upon total loss of load. 

If the generator is synchronized with a large intercon- 
nected system, a sudden increase in load will draw energy 
from the rotating inertia of the whole system. If the 
speed governor is too insensitive, other governors in the 
system may over-regulate and cause tie-line hunting. 

The trend in today’s steam turbines is towards greater 
capacities and higher energy steam conditions. The torque- 
to-inertia ratio of the rotors is increasing. This, together 
with the increasing demand for frequency accuracy (typi- 
cal frequency deviations in the U.S.A. tie-line systems are 
a few hundredths of one percent), imposes severe sta- 
bility problems on the speed-governing system. 


Governor performance predicted 

To predict the performance of a physical system, it is 
necessary to express the functions of each element by 
a mathematical model, that is to write the differential 
equations describing the input-output relations on the 
basis of elementary physical laws. Once the system of 
equations has been written, the performance of the sys- 
tem, such as transient response, frequency response and 
static accuracy may be predicted on the basis of manual 
or computer solutions of the differential equations. Un- 
fortunately, any attempt to find the exact mathematical 
model of physical phenomena is bound to be fruitless 
because of the complexity of nature, or simply because the 
pertinent physical laws are not fully understood. How- 
ever, by making certain approximations, the solution of 
the system of equations is usually accurate enough for 
engineering applications. 
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To demonstrate this technique, let us consider the 
droop-governor of Figure 3. The speed sensor is a common 
flyball governor geared to the turbine shaft. An increase 
in speed throws the fly-weights outwards and the rotating 
pilot-valve sleeve, which is integral with the flyball gov- 
ernor, moves to the left to open the control-port to drain 
and thus reduce the pressure below the first stage servo- 
motor. The resulting downward motion of the first stage 
servomotor-piston is fed back through the linkages A, B, 
C, D to reposition the pilot-valve spool in a direction to 
close the valve and restore the balance between hydraulic 
pressure-force and spring-force of the first stage servo- 
motor. This servomotor has sufficient energy level to 
manipulate the 4-way valve controlling the position of 
the second stage servomotor through the lever E, F. The 
downward motion of the second stage valve opens the 
lower valve-port to high-pressure supply oil and at the 


back to close the valve and stop the servomotor motion 
since the valve-stiffness is negligible compared to the 
stiffness of the first stage servomotor. The second stage 
servomotor is powerful enough to move the main steam 
inlet valves. 

A simplified dynamic analysis of this system yields the 
following equations: 





d? 
n=a —~-+bx Eq. (1) 
dt? 
dy 
= T, — Eq. (2 
dt q (2) 
yt, +2 Eq. (3) 
dt 
where n= relative speed change 


x = relative flyball head motion 
y = relative position of first stage servomotor 

















same time the upper valve-port is opened to drain. The z= relative position of second stage 
resulting pressure-difference across the piston moves the servomotor 
second stage servomotor upwards. This motion is fed — a,b,T, and T. = constants 
SERVO ENERGY ALTERNATOR 
ENERGY TORQUE (T,) 
STEAM TURBINE AT~Ty -Ta 
VALVE —_ 
DISPLACEMENT TORQUE 
(Ty) 





DISPLACEMENT 
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ROTOR SPEED (N) 











FLYBALL HEAD 
(Xx) 





TURBINE TORQUE balances the generator torque requirements at a 


preset speed that is maintained by the governor system. 


(FIGURE 2) 


Simplified Analysis 


‘ 


A. Flyball Governor 
The centrifugal force: C’ = S wp a) 
g 30 


is balanced by a calibrated spring whose elongation is 
transmitted to the governor head (displacement X) 
through a trapezoid of leaf springs. 

The relation between output (governor head position 
X) and input (governor speed N) is evaluated as follows: 

Equation of motion of governor head: 
d?X 
dt? 
where m, — mass of moving parts of governor 
reduced to governor head motion. 


=C—S& 


Mg 


C = centrifugal forces referred to 
governor head motion. 


— G F N2 
() 8 2(X) 


——r 
f(X) = transmission function. 


S = resulting spring forces referred to 
governor head travel. 


If a small but finite, perturbation from the static equili- 
brium point (X,, N;) is considered: 
C=C,+AC ,S=S,+ AS 
and C—S=(C,+ AC) — (S; + AS) = AC — AS 
since by definition C, —S,—0 
oc oC 
a AN + = AX 
os dS 
; 


a —— AX 
Thus: m, > = AC— aS= (3) 
2 


dX 
os OC 


Ox Ox 


Sa 


a5 


AN — 


A 
AN 
jax ue 


= slope of curve shown in Figure 4. 
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G r \? 
= Ie (5) 2N TX, ) 4 
g 30 


f= +t; Xq =X; Ax 


+S 


Normally is very small, 


1 


so ine = Constant = S fi (5 
ON & 


2Nm f m 
=) ang 6%) 


where N,, =N; 1 


*f m 
2°) 
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Thus: 2 = 2 


"eC 


and 


m 


n= relative speed change = bad 
Nu 


of Speed Governor 


Figure 5 shows the curves F = $(X) 
F=C(X) 


N=Nm and 
a by straight lines. 


From the fig. AF = { —— = a= 

= ox 
AF max AX = AF max x 

Xmax 
AX 
a ee 

Xmax 
The equation of motion now becomes: 


dx? 


= relative governor travel. 


= 2C,, n — AFmax X 


Xmax d?x A Finax 


2c, 


This is a secon amping (we 
have neglected valve-reaction forces) whose natural fre- 
n= = 
Via es m, X max 


quency is: 
rad 
sec 
B. Hydraulic Amplifier 


The governor head is integral with the input to the 
hydraulic amplifier, the rotating pilot-valve sleeve. For 
the sake of simplicity we shall assume that flow of oil 
through the valves is proportional to valve opening. 


AF max 


Then oil flow Q to the first stage servomotor is: 


dY 
Q=Ai—— 
dt 


A, = area of first stage servomotor 


Y = displacement of first stage servomotor 


OQ 


F, = pilot valve flow coefficient = 5X 


M, = feedback ratio = a, 
BD 
A, B, C and D are shown in Figure 2 
A, ay 
ax = as —? M, AY 
or since in the steady state My Ymax = Xmax 
A, dadY 


F, dt +M,AY 


Thus: 


" Y max 





where the um 
A» = effective area of second stage servomotor 
E 
E+F 


F, = flow coefficient of second stage valve 


M» = feedback ratio of the second loop = 





The solution of Eq. (1), (2) and (3) provides a 
reasonably good approximation of the time response of 
servomotor motion to speed changes n for small perturba- 
tions and low frequencies. 

As may be seen from Eq. (1), the equation of motion 
of the flyball governor is without a damping term. The 
lack of damping omission is a serious drawback for any 
element within a control-loop unless its natural frequency 
is an order of magnitude higher than the useful frequency 
band of the subsequent elements. Eq. (2) and (3) repre- 
sent two exponential lags and are dynamically equivalent 


to a filter, as long as W, > > az ae that the nat- 
i To 


ural frequency of the flyball governor is attenuated suf- 
ficiently to give smooth servomotor response. 


The trend towards higher accuracy and speed of re- 
sponse in modern designs means that the time constants 
of the hydraulic amplifiers are decreasing. Increasing the 
natural frequency of the flyball governor, on the other 
hand, means in general that the energy of the control 
signal available at flyball head is decreasing so that the 
hydraulic amplifier gain must be increased. Besides, 
stability problems arise as a result of additional lags in 
the amplifier loops because of such factors as compres- 
sibility of the oil (air contamination), piping, lags and 
flexibility of feedback-levers. Finally, the equations (1), 
(2) and (3) are in reality coupled because of the hydrau- 
lic valve forces reacting on the input elements. 

Thus the problem of finding the combination of para- 
meters that yields optimum response is quite complex. 
A tremendous help towards achieving this goal is the 
modern electronic analog computer. But the computer 
can only solve the equations it is given, so that it becomes 
imperative to check whether the differential equations 
written for the system are really representative. Once this 
is done, optimization of the system may be carried out 
with the help of a computer simulation much faster and 
with less expense than is possible working with actual 
system hardware. 

As already pointed out, the validity of the theory rests 
upon the initial assumptions. For instance, in the case of 


Eq. (1) we have assumed the partial derivatives cl oc 
ON ox 


Allis-Chalmers Electrical Review * Fourth Quarter, 1960 


S ; ; 
and constant in the region of normal operation of 


the flyball governor. To check this, and also to provide 
the actual numerical values, it is necessary to plot the 
curves of Figures 4 and 5 from experimental values. 

In arriving at Eq. (1) dynamic damping forces were 
neglected and non-linearities like dry-friction and back- 
lash are not considered. These effects, if predominant, may 
change the mathematical form of Eq. (1). To establish 
its validity, therefore, frequency response and transient 
response tests are performed. The results of these dynamic 
tests yield numerical values of the parameters as well as 
a check on whether the mathematical form of Eq. (1) 
is representative or not. 


Governor test stand requires extreme precision 
To provide this experimental verification of system equa- 
tions and their parameters, the governor test stand was 
designed and built. This facility permits complete testing 
of steam turbine speed-governing systems under simulated 
operating conditions. 

A major advantage of the test stand is its flexibility. 
Hydraulic and mechanical components can be tested in- 
dividually or as part of the entire speed governing system. 
Production governors can be checked or special conditions, 
such as supercritical pressure or nuclear powered opera- 
tion, can be simulated for experimental and development 
work. Conventional hydro-mechanical governing systems 
can be tested as well as other types . . . all with an ease 
and reliability heretofore impossible. 

Figure 6 shows the basic functioning of the test stand. 
The oil to power the hydraulic amplifiers is supplied by a 
centrifugal pump driven by a small steam turbine. The 
pump has a relatively fiat characteristic and has, to some 
extent, the advantages of a storage vessel. Oil pressure 
may be regulated with turbine speed or bypass valves. 
Temperature control of oil facilitates operation at differ- 
ent stable temperatures to include effect of viscosity. The 
flyball governor may be geared to the turbine-pump shaft, 
or driven from a separate input drive system. To facilitate 
measurement of system sensitivity and hysteresis, a sta- 
bilized frequency drive system is provided. A crystal 
oscillator, having a stability of one part in 10° per hour, 
generates a high frequency voltage that is stepped down 
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through a binary frequency dividing circuit to desired 
drive frequency. The output is filtered, converted to three 
phase and amplified to power the synchronous drive- 
motor. A switch changing the frequency step-down ratio 
provides 21 frequencies in the range No + 0.005 percent 
to Ny + 0.1 percent. Greater frequency range is provided 
by feeding the filter circuit from a standard variable 
frequency oscillator. 
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For frequency response measurements, a sine-wave of 
amplitude up to 1% of rated speed is superimposed on 
rated speed by frequency modulating techniques. Due to 
the limited speed of response of the motor, this scheme 
covers the frequency band of modulated signal up to 5 
cps. This is not sufficient, however, since the flyball 
governor resonance is typically 10-15 cps. To cover the 
frequencies up to 40 cps, a mechanical sine-wave-generator 
was provided. This consists of a synchronous motor driv- 
ing one input to a differential gear through a heavy fly- 
wheel. The other input is driven by a scotch-yoke, the 
excenter of which is powered from an induction motor 
through a “Graham” variable speed transmission. The 
amplitude and frequency of the sine-wave thus super- 
imposed on the output steady state speed may be varied 
by changing the speed reduction through the “Graham” 
drive and varying the throw of the scotch-yoke. 

The test stand is fully instrumented to indicate and 
record all variables of interest; i. e., displacement, pressure, 
flow, force and speed. For example: 

a. Speed of the flyball governor may be measured in- 
dependently by a biased d.c. tachometer and a digital 
counter. 

b. Differential transformer-type pickups are used for 
displacement measurements. The output is amplified 
and demodulated before it is fed to the indicator 
or recorder galvonometer. 

c. Pressures are measured by utilizing strain-gauges in 
a bridge circuit mounted on miniature membranes. 
Bridge unbalance is proportional to pressure change. 

d. Turbine-type pickups are used to measure flow of 
oil. A variable reluctance pickup triggers the input 
circuit to a digital counter each time an impeller 
blade of the pickup turbine passes. A converter 
provides an analog signal for recording. 

e. Forces are measured by using differential trans- 
former displacement transducers sensing the deflec- 
tion of a calibrated steel ring. 

A 14-channel photo-electric recorder provides conven- 

ient recording of transients of all variables. 


Simulates overall system conditions 

An analysis of the entire speed-control system must, of 
course, include the dynamics of the turbine-generator and 
its load. Due to the high cost and inconvenience involved 
in interfering with the normal service of today’s large 
turbine-generators, straight forward test techniques, like 
frequency response and transient response to step-input, 
are seldom tolerable. If, however, the various input and 
output variables are recorded simultaneously under normal 
operation in the power station, it is possible by statistical 
techniques to evaluate the auto- and cross-correlation func- 
tions of input and output of elements and thereby calculate 
the transfer functions by well known relationships. With 
the transfer function in hand, the governor test stand 
facilitates closed loop tests of a proposed speed-control 
system by simulating the turbine-generator on an analog 
model either by making use of the drive turbine for the 
oil pump or the electrical drive system for the flyball 
governor. 
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A status report: 





ALLIS-CHALMERS 





nuclear superheat...on schedule 


“Pathfinder” is the country’s first nuclear superheat 
power station under construction. It is being built by 
Allis-Chalmers for Northern States Power Company. 
Cooperating in research and development are nine other 
midwest utilities* and the Atomic Energy Commission. 

The above photo shows the containment, turbine, 
water treatment and administration buildings. Con- 
struction is on schedule. 

The integral nuclear superheater will provide steam 
at 600 psig, 825 F. Other important design character- 
istics include a high power density — 46 kw per liter 
— and controlled recirculation — 60,000 gpm. 

Only Allis-Chalmers has experience in both direct- 
and indirect-cycle boiling water reactors, fast breeder, 
gas-cooled and process-steam reactors and fusion. In 
addition, A-C has long been a leader in such steam 
plant equipment as turbine-generators, condensers, 
pumps, valves and water conditioning systems. 

For more information about Allis-Chalmers facilities 





and capabilities in the nuclear power field, talk to your 
nearest A-C representative, or write for Bulletin 
43B9541, AlliseChalmers, Atomic Energy Division, 
Milwaukee 1, Wisconsin. A-1382 


*Central Electric and Gas Co. ® Interstate Power Co. * lowa Power and Light Co. 
lowa Southern Utilities Co. * Madison Gas and Electric Co. * Northwestern Public 
Service Co. © Otter Tail Power Co. * St. Joseph Light and Power Co. * Wisconsin 
Public Service Corp. 
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Site of “Pathfinder” plant at Sioux Falls, South Dakota. 





Developments 
For Nuclear 
Power Efficiency 


CONTROLLED LEAKAGE PUMPS for circulating 1 

actor water in the Pathfinder Atomic Power Plant, soos 
to be in operation, are an excellent example of gains in 
efficiency. The new pumps have an efficiency 15 point 
higher than that obtained from canned or hermetically 


sealed units previously tested for nuclear applications 

Key to the success of the controlled leakage pum; 
their buffer type shaft seals, which were the culminat 
of several years of development work. The seal works 
a hydrodynamic balance operating with a gap of less « 


0.0001 inch, yet seal components can be manufactured 
easily attainable tolerances. Testing was done on this sea 
with a leakage rate as low as one-tenth gpm of buffer waters 
The buffer water serves to prevent any contaminat 
of the seal area by the radioactive water, and to kee; 
the seal cool for maximum life. The seal performs wel 


over the entire speed range as well as during shutd 
Vibration, thermal expansion, alignment, and wear | 
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little effect on the sensitivity of this seal, and it can be 
used for sealing pressures up to 2000 psig. 

The prototype recirculating pump, being tested under 
simulated field operating conditions at 486 F and 600 
psig, is demonstrating its adequacy for the Pathfinder 
project. Recirculating water for the Pathfinder reactor 
will require three of these pumps, each with a capacity 
of 20,000 gpm at a total developed head of 71 feet. 

The increase in efficiency in this case stems from the 
higher efficiency of a conventional vertical pump and 
motor combination and from the negligible power con- 
sumed by the buffer seal. Knowledge gained from the 
vast amount of development work on the Pathfinder proj- 
ect should result in far greater operating efficiency and 
also in a considerable reduction in plant cost per kw of 
plant capacity. 

by R. A. HAUGEN 
Pump and Compressor Department 
Allis-Chalmers Mfg. Co. 








